Optimal routing among ./M/1 queues with partial information by Altman, Eitan et al.
HAL Id: inria-00071593
https://hal.inria.fr/inria-00071593
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Optimal routing among ./M/1 queues with partial
information
Eitan Altman, T. Jiménez, R. Núñez-Queija, U. Yechiali
To cite this version:
Eitan Altman, T. Jiménez, R. Núñez-Queija, U. Yechiali. Optimal routing among ./M/1 queues with









   



















ap por t  
de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Optimal routing among   /M/1 queues with partial
information
E. ALTMAN — T. JIMÉNEZ, — R. NÚÑEZ-QUEIJA, — U. YECHIALI
N° 4985
November 2003
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, BP 93, 06902 Sophia Antipolis Cedex (France)
Téléphone : +33 4 92 38 77 77 — Télécopie : +33 4 92 38 77 65
  	












































  	."  	
 "#*"z

































¢ bjHjH¨ªqnÅb£qnj,a!¤§s[tHl£o]¤§SR_StH¤¥bh3°bo²±»bb o²±»tXj,o[_Shº ¢ batnSb¨@j,o[_Sb¨¥jkqnh3lSh[¤§S
o²±»twnc¾¹lSbl£bh¬8±#¤ªo]_Xhvoj,o[bSbBbSSb¹oj,s[s[¤ª,jH¨§hºe^V_Sb¨·j,oio]bsSbBbSSb£b3¤§heSlSbo[t=o]_£b­¿jH/o
o]_Sj,oo]_£b jHs[si¤§,jH¨po]tÆjHq:¾¹lSblSb Sb°bS£h)tH o]_SbXsitl£o]¤§S Sb¤§h[¤§t8¬±#_£¤¥_8¬~¤¥:o[lSs[8¬pSbBbSSh














¢ b¸hio[lS£q¦jHS jHjH¨ªqnÅbo²±Gt6o²qn°bhtH­I£qnj,a!¤§sitl£o]¤§S)to[s[t¨Kabo[_St«£hºy² o[_Sb %Ss[hio¬±»b
±#¤§h[_Æo]t Sbo[bsia!¤§Sbo]_£bo[_Ss[bh[_StH¨¥ jHs[jHabo]bs[h3o]_Sj,oa¤¥S¤§a¤¥Åbo]_Sb)jkbs]jHbb'm£°b/o]b©Sb¨·jkq ¤§
o]_£b=hiqnhvo]baº ¢ b¸kjH¨§¨@o[_S¤§ho]_£b 47  "!¿00 1 7$# %!  0x 7 Û%!&(' Ss[t£¨¥ba)º6{«btS£¨§qH¬±GbtShi¤¥Sbs







o]_£btsibo]¤§6tH£o]¤§a!jH¨¥¤ªo²q t£b«otH­.~jHh[_©b¾¹lS¤§¨¥¤§Ss[¤¥j2. 30Îº Â~bsibH¬#j¦jHhi_ b¾¹lS¤§¨¥¤§Ssi¤¥lSa ¤§hj¦hibo¸tH­
s[tHl£o]¤§SÃhio]s[j,o]b¤§bh¸­µtHs¸j,¨¥¨-uvt£h!hilS_©o[_j,o!St hi¤¥£¨¥b3uvt kjH Sbs[bjHh[bz¤§o[h!±»b¤§_o]b b/m«°bo[b
Sb¨·jkqqSb/«¤¥j,o[¤¥S­µs[tHa&¤§o[h#s[tl£o[¤¥£!hvo]s[j,o]bHqº








		  	 ! "# %$'&()*+	,	.-."
	/ 
jo]_Ssibhi_St¨§Ã°t¨§¤¥/q£½/º ¢ _SbÃo[_Sb3h[bsin¤§b!s]j,o[bh.j,oeo[_Sb3o²±Gthvoj,o[¤¥t£h.jHs[b3b¾nlSjH¨o]tbjH_¦t,o]_Sbs¬Û¤ªo
¤§h~bs[¤-%b ¹lSabsi¤¥jH¨§¨§q ¼µ­µts 
10 %2 .3.3.3 .054½Vo[_j,oxj!o]_Ssibh[_£t¨¥Xb¾¹lS¤¥¨§¤§Ss[¤§lSa b/m«¤¥hvo]h¬8±#_S¤¥_X¤§he¤§
jHsibba!boI±#¤§o[_o]_Sb~s[bh[lS¨ªo]hI¤§. 30ÎºKÂ~t±Gb/bs¬S±#_Sbo]_Sb~h[bsvn¤¥bxs]j,o[bhIjUoGo]_£b~o²±»t3hiojUo]¤§tShG£¤§ÀBbs¬
h[l£_RjHb¾¹lS¤§¨§¤¥Ssi¤¥l£a £bb)St!¨¥tHSbsVb'm«¤¥hvok¬°jHh#¤¥h#hi_St±#6¤§6jHb'mSj,a!£¨¥b,º
^V_Sb3hio[s[lS/o]lSsib3tH­Oo]_£bjH°bse¤§hxjHh~­µt¨¥¨§t±#hºxy²Ã{«bo[¤¥t¦!±»b­µtsialS¨¥j,o]b.d ­µtsj %£m«b 
 
°t¨¥¤§qd o]_Sb#lS£Sbsi¨§qn¤§S  lj,h[¤#6G¤§sio[_¸j,S
7bkj,o[_¸£s[tnbhih@jHSSbsi¤§Hbpo[_Sb#jH¨¥jHSbVb¾¹lj,o[¤¥t£h@­µts
o]_£b.o²±»t,®¯S¤¥abSh[¤§tjH¨*hvo]bkj,£qhio]j,o]b.SsitjHS¤§¨§¤§o²q£¤¥hvo]s[¤§Sl£o[¤¥tH8º»^V_£ba!jHsi¤§jH¨ÛS¤§hio[s[¤§Sl£o]¤§t)tH­8¬









jHS6¤§o[heh[bsin¤¥b3o]¤§a!b,¬Á¤¿ºèb,º¥¬8juvt heSb¨·jkqz¤¥he¤ªo]hs[bhiBtHSh[bo[¤¥abH¬B±#_S¤¥_ ¤§h~o[_Sb CD	E '$C! "!F
)! G$"HI$"C " º 5sita o[_Sb¤¥S£¤§n¤§SljH¨Ûuvt h.Bbs[h[°b/o]¤ªb¸¤§o¤§ht«o]¤§a¸j,¨o]tuvt¤§Ão[_Sb¾nl£blSb!±#¤§o[_¦o]_£b
h[a!jH¨§¨§bhio»±Gb¤¥H_¹o[bb'm£°b/o]bSb¨¥jkqº 5s[taj.h[l£Bbsin¤¥hi¤¥£3to]sit¨§¨¥bs  hG°t¤¥oGtH­Án¤§b±.¬«o[_Sbb/ÀÁbo»tH­
j3h[¤§S¨§bsitl£o[¤¥SSb¤§h[¤§t6tHo[_Sb.Sb¨¥jkqtH­­µl£o]lSsibIuvtSh#alShvopBbxoj,³Hbz¤¥o[t¸j,tHlSokº
¢ b.­µtnlSh#to]_Sbkj,h[b  J0jH£zlShibo[_Sbt£oj,¤¥Sbzb'm«Ss[bh[h[¤§tSh~o]t!h[_St± ¼¿}*baa¸jA£º§c½»o]_jUo











Q   "#







^V_Sb)a!tnSb¨V¤§Hbh!s[¤§h[bo]tÃj h[t,®¯kjH¨§¨§b  lSjHh[¤W6G¤§sio[_ jHSX7bkj,o[_ £s[tnbhihº©{«lS_ a!tnSb¨¥h!jHsib
³¹St±#Ro]t¸_jkb3j!a¸jUo]s[¤ m¹®²btabo[s[¤§b¾¹lS¤§¨§¤¥Ssi¤¥l£a hit¨¥l«o]¤§t .è10Þº 5t¨§¨¥t±#¤§S=o[_SbjH£Ss[tj,_R¤¥)o]_jUo





o]_Sj,oo[_SbsibIjHsib	  KO¼YK(O>.0,2 .3 3 3 
 NL0½£uvtHSh-¤§o[_Sb %sihio-¾nl£blSbVj,S 8  Z¼ Z O>.0 %2   .3 3 3Ð½


































6 6 8@;A BDC  B BE= 
6 6
8:9 8:9 8:9
6GF8<; 8<; 8<; 8@;
6IH  C FKJ
6IH  C FLJ 6
6
8:9







6GF8@; 8@; 8@; 8<;
8<;8:9
66IH  C FLJ




btabo]si¤¥GjHSSsitjH_o[_SbGhvoj,o[bhj,s[bGtHs[Sbs[b3¨§b/m«¤§tHs]jHS_£¤¥jH¨¥¨ªq¬hilS_o]_Sj,o YK  CZ3 SsibbSbh YKD8 CZ58





[ H ? J\ ]  ººº^ [ \ ]  ººº ^ [ \ ]  ºººººº º º º º º º º º º º º º º º º
_a````
b 
±#_Sbs[b ] ¬c^ ¬ [ H ? J\ jH£ [ \ jHs[b +
;N 2 ed 
LN 2 pa¸jUo]s[¤§bhº ] gf ]ihkj l ?Þ¬nm-po  >.0 @3.3.3 
LNO0¬¤§ho]_Sba¸jUo]s[¤ mz±#¤§o[_ ] B j B  V( 0rq /¬ ] B<=  j B@= 6JVÛ¬8jHS j,¨¥¨tHo]_£bseb¨¥ba!bo]hxb¾¹lj,¨-o]tÅbsitSºs^¤§hj,¨¥hitzj£¤·jHHtjH¨a!j,o[s[¤ mX±#¤ªo]_ÃjH¨§¨S¤¥jHtj,¨b¨§babo[hb¾nlSjH¨o]tU8º 5-¤¥SjH¨¥¨ªq¬ [ H ? J\  [ HutEJ q ]jHS [ \  [ HutEJ q ] qv^ ¬±#_Sbs[b [ HutwJ ¤§h#o]_Sbb£bs]jUo]ts#tH­o]_Sbw6jHsi³Ht)Ss[tnbh[h£bh[s[¤§S¤§S=o]_£b
ØµÙÚÛØµÜ
 






q V V > > 3.3.3 > > >
U( q V q U V > 3.3.3 > > >
> U q V q U V 3.3.3 > > >ººº ººº ººº ººº ººº ººº ººº
> > > > 3.3.3 U q U( q V  V




 /  S
	 ^V_Sb»uvt¤§oVhio[bkjH«q¹®¯hio]j,o]be£¤¥hvo]s[¤§Sl£o[¤¥tHtH­Ûo]_Sbnl£a°bs[hVt,­SuvtShI¤§°tHo]_¾¹lSblSbh#jH
jH¨§h[t.°bVSbsi¤§Hb­µtso]_SbI­µtH¨¥¨§t±#¤¥S.¨·jHhihKtH­°a!tHs[bVbSbs[jH¨S°t¨¥¤§¤§bh . £¬ ,G_8º¹%0ÞºO}Ûb/o  A = f >.0@?°bIo]_£bSsitjHS¤§¨§¤§o²qztH­Áuvt¤§S¤§S=¾¹lSblSbc¤ª­Oo]_£b¹lSa°bstH­ÁuvtSh~¤¥zo]_j,o~¾¹lSbl£b3b¾¹ljH¨§h K[º~}Ûbo M °b
o]_£b~a!jUm«¤§alSa¹lSa°bs@tH­nuvtShK¤¥¸¾¹lSblSbcº-^V_£ba!j,o]si¤¥bh ] ¬ [ H t J jHS ^ °btabtH­BS¤§a!bSh[¤§t N 0º^V_£b=S¤¥jHtSjH¨Ka¸jUo]s[¤ m ] _jHhS¤·j,tjH¨Kb¨¥ba!bo]h 0 q2 A  V*¬ K  > .0 .3.3@3  q 0Hº^V_Sba!j,o]si¤ªm [ HutEJ _jHh»b¨§babo[h6 A VuvlShvoIj,Btbpo]_Sb~S¤¥jHtj,¨jHSX¼¿jHhG°b­µtHs[b½KjH¨§¨b¨§babo]huvlShio»Bb¨¥t±o]_£b£¤·jHHtjH¨Ûj,s[b.b¾¹ljH¨8o[tU'ºK^V_Sb.a!j,o]si¤ªm ^ ¤§h~hvo]¤§¨¥¨U8Io[¤¥abh#o]_£b¤§Sb¹o[¤§o²qa!j,o[s[¤ mBº
}Ûbo A 7  O 	  K  8  Z R°b.o[_Sb.hio[bkjH£q®¯hiojUo]b£s[tj,S¤¥¨§¤ªo²qo]_j,oVo[_Sbhiqnhio[ba ¤¥h#¤§6hvoj,o[b
K CZ jH£ ¨§boo[_Sb+
 NO2 ¯®²S¤§abShi¤¥tSjH¨e¼µs[t±~½.Hb/o]ts  7 V   ? 7   7 .3.3@3  B<=  j 7 .tojH¤§o]_£bhio[bkjH«q¹®¯hio]j,o]b!Ss[tHjHS¤§¨¥¤ªo]¤§bhtsis[bh[°tSS¤§Szo[t    " Z¬¤¿º bHº§¬o]_£b¸hilSSh[b/otH­Ghio]j,o]bh¤§Ã±#_£¤¥_ o[_Sbsib
jHsibSZ3uvt£hx¤¥Xo]_£b!hibtSÃ¾nl£blSb,º^V_Sb o]_£b3h[b¾¹lSbSb  7 ¬#Z >.0.3.3.3ª¬8h[j,o]¤§hi­´qn¤§S)o[_Sb3jH¨¥jHSbb¾¹ljUo]¤§tSh
 ? [ H ? J\ N   ^  >  ¼vc½ 7kC  ] N  7 [ \ N  7 =  ^  >  Z  0,2 .3.3@3  ¼ÞH½
¼µ±#_£bs[b >¤§heo]_Sbz¼¿H½²®²£¤¥ab£h[¤§tjH¨-Hb/o]tsx±#¤ªo]_¦jH¨¥¨-b¨§babo]hb¾¹lj,¨-o]t)½¤§hx³¹St±#Ão[t)h[j,o]¤§hi­´q
o]_£ba!j,o[s[¤ m¹®²btabo]si¤¥.sib¨¥j,o]¤§t  7   ? 7 ¼Î½
±#_Sbs[beo]_£b  	  a!j,o[s[¤ m  ¤§hGo]_£bea¤¥S¤§a!jH¨8StH«®²Sbj,o[¤§Hbeh[t¨§l£o[¤¥to[to]_£be¾¹ljHSs[j,o]¤§ea!j,o]si¤ªm=b¾¹lj®o]¤§t8¬
] N  [ \ N  8 ^ O>  ¼¿½
­º.ßn¬8^V_SbtHs[ba £º§cº¥c 0Þº.f#b¨¥j,o]¤§t ¼µ¹½p¤§hxStHoxhilS¤ªojHS¨§bo]t=Sbo[bs[a¤§Sb  ¤¥ jhvojHS¨§b3jH£Xb!¤§bo±GjqHºy²Shvo]bkj,8¬¹j MèSljH¨,¾¹lj,Ss]j,o[¤¥Ga¸jUo]s[¤ mb¾¹lj,o[¤¥tH3kjH3°bGhit¨§Hb3­µs[tHa ±#_£¤¥_  ¤§h-­µtlS£8¬h[bb . 0ÞºÂ~bs[b#±GbV­µt¨§¨§t±:jH!jH¨§o[bsij,o]¤ªb~jHS£s[tjH_=jHSSb/o]bsia¤¥Sbpo]_Sb#hvo]bkj,£q®²hio]j,o]bpSsitjHS¤§¨§¤§o[¤¥bh@o[_Ss[tl£_
jh[°b/o]s]j,¨@_SjHs]jH/o]bs[¤§Åkj,o[¤¥tÃtH­»o]_Sba!j,o]si¤ªm  lShi¤¥S)bSbs[j,o]¤§S­µlSSo[¤¥tHShº ¢ bsib­µbsxo[t.ªc 0O­µtsj3b£bs]j,¨Ûb/m«BtHh[¤ªo]¤§t6tH­o]_£¤¥h#abo[_St«zjHS£¨¥¤§b)o]t3o]_Sb.atsibHbSbs]jH¨Û¨·jHhih[bh~tH­Ow6jHsi³Ht_jH¤§Sh#tH­








hio]j,o]b.tH­¾¹lSbl£b«º 7~b %Sb,¬­µtsW>  K  
 N 0jH£Z >£¬
 A
	7 ?  A 7    7
B@=  A ?  A 7 
jHSo]_£bsit± bo[ts
 V    ?  .3.3.3  B<=  j    	7 ?  7 3
¢ b.­µl£sio]_£bs#Sb %SSb  V U'¬S±#_S¤§_6¤§h#o]_Sbxo]s[j !.¨¥tj,)tH)o[_Sb)%s[hvo¾¹lSblSb¤ª­Oj,¨¥¨«uvtHShpjHs[bxo]t!°b
s[tHl£o]b)o[_SbsibHº ,G¨¥bjHs[¨ªq¬o[_Sbxb/o]ts  h]j,o[¤¥h %bh
 [ H twJ  > 3
^V_S¤§h­µtH¨¥¨§t±#h¬­µtsÛ¤¥£hioj,Sb,¬Hqxh[l£a!a¤§S~o[_SbKjH¨¥jHSb@b¾¹lj,o]¤§tShG¼vc½8jHS=¼Þ½Átbs Zº^V_SbKa!jHs[¤§jH¨
SsitjHS¤§¨§¤§o[¤¥bh A jHs[b.St± bjHh[¤§¨ªqt£oj,¤¥Sb8Ä
 A   A  ?   >  K  
 ¼ÞH½ B@=  j    B<=   ?  3 ¼EA½
{«¤§Sbxo[_Sbxbo]si¤¥bh~t,­  tShio[¤§o[l£o]bj3SsitjHS¤§¨§¤§o²q£¤¥hvo]s[¤§Sl£o[¤¥tH±»b._jkb.o]_Sbx£ts[a!jH¨§¤¥Åj,o]¤§ttHSS¤ ®
o]¤§t   0  0¬8±#_£bs[b3o[_Sb3t¨§lSa b/o]ts 03_j,hj,¨¥¨bo]s[¤§bh.b¾nlSjH¨o]tXc!jHS   pSbSt,o]bh.o]_£b
¤§SSbs#Ssit«£lSoptH­-j3s[t± Hbo[ts~jHS)j!t¨§lSa)Hbo[tsº ¢ b%SS8Ä
 ?   BA ?  A N  B@=
  C 
jHS±#_Sb!#" 0.o]_S¤§h#h[lSa&¤§h#¤ªbzq
 ?   0eq$0eq 0eq  % B<=  q  B<= 8 3 ¼ÞH½
^V_Sb.hio]jHS¤§¨¥¤ªo²qtHSS¤ªo]¤§t¼µ­º .è«¬S^V_Sbts[ba £º§cº¥c 0´½G¤§h#¤§Hbz¹q
   ] 0  M   k^ 0  
ts¬Sb¾¹lS¤ª,jH¨¥bo]¨ªq¬°¹q
V( 0eq   B& N V  B@=  j  M U8@3 ¼Î½'n¤¥Sbo]¨ªq¬K¤§o¤§ho]_Sb=jHo[ljH¨@jHsis[¤ªHj,¨»s[j,o]b!¤¥o[t6o]_Sb¸h[btS ¾¹lSblSb=o[_j,o£bo]bs[a¤§Sbh±#_Sb/o]_Sbso]_£b
hiqnhvo]ba ¤§hphioj,S¨¥b.tsV£tHokº@{«¤§Sb  B<=  j    B( /¬£o]_Sb.hvojHS¤§¨§¤§o²qtSS¤ªo]¤§t)Bbtabh
V  B& f  0eq N C?nM U8 
¤¿ºèb,º¥¬
V )  B f  0eq  N *D?+ 0eq,0Nq  0eq  )  B@=  q -  B<= 8  M U8@3 ¼Î½
ØµÙÚÛØµÜ
 
		  	 ! "# %$'&()*+	,	.-."
	/ 
   	.	
 )$8*-"Rz/ + 2 %¶("#  
^V_SbSb/ojH¤§¨¥b jHSjH¨§qnhi¤¥h3o]_Sj,o±Gbh[_SjH¨¥¨V£s[bhibo¸¤¥©{«b/o]¤§t Ã±#¤§¨¥¨#j,¨¥¨§t±&lSh3o]t t«ojH¤§ o]_Sbuvt¤§o
SsitjHS¤§¨§¤§o²q.S¤§hio[s[¤§Sl£o[¤¥t£htH­no]_£bKo²±»t¾¹lSblSbhº^V_S¤§h¤§h*¤¥jHsvo]¤§lS¨¥jHs*¤§a!°tsvojHo*­µts8o]_£bGjH£S¨¥¤§kjUo]¤§t
o]to]_£b  5	+	 H %E
	  E Ss[tHS¨¥ba¬-hio[lSS¤§b¤§ {«b/o]¤§t A£º¸^V_Sb!Sb¤¥hi¤¥t¦±#_Sbo[_Sbsj
uvt¦h[_Stl£¨¥ °b=sitl£o]b¦o[tR¾¹lSblSb)SbBbSSht¦o]_Sb¸b/m«Bbo[b Sb¨·jkq¦tH­Io]_£buvt¦¤¥ o[_j,o¾¹lSblSb,¬
tHSS¤ªo]¤§tSbÆto[_Sbhvoj,o[bj,o¾¹lSblSb cº




o]_£bX¼µ±»b¤§_o]b½jkbs]jHHbb/m«°bo[b Sb¨·jkqÃ¤§Bt,o]_ ¾¹lSblSbhºR^V_¹lSh¬O¤§j,SS¤ªo]¤§t o]t)o]_Sb¸a!jHs[¤§jH¨
S¤§hio[s[¤§Sl£o]¤§t!tH­o]_Sb¼µ¹lSa°bsKtH­¹uvtShO¤§3o]_Sbk½ %s[hvoK¾nl£blSb,¬n±»bVSbb=j,¨¥hit.o[_SbVa!jHs[H¤¥j,¨SS¤§hio]si¤¥£l£o]¤§t





jH w w«c¾¹lSblSb±#¤ªo]_ jHsis[¤ªHj,¨s[j,o]b*VÃjH£Xh[bsvn¤¥b3s]j,o[b U'º 5tHs  >.0,2 .3 3 3§¬°¨¥b/o °bo]_£b




^t¦t£o]jH¤¥Æo]_£bzS¤§hio[s[¤§Sl£o[¤¥t tH­    
-¬»¨¥b/o&SbSt,o]bzjH©¤§o]bs®jHsis[¤ª,jH¨Io]¤§ab6jH£ j
h[bsin¤§bo[¤¥ab.¤§o[_Sb)%s[hvop¾nl£blSb,º»^V_Sb
  2 0 O M R N4 N C  N  0 O   sR
 !#"%$ O& RFN' C N  0 O   sR3
^V_¹lSh¬*j,h jHS( jHs[bb/m«BtHSbo]¤¥jH¨§¨§qRS¤¥hvo]si¤¥Sl«o]bR±#¤ªo]_XabjHSh*0 VÃjH£ 0  U¬Bs[bh[°bo[¤§Hb¨ªq¬Ûo]_£b
}*jHS¨¥jHbxo[s]jHShv­µts[a ) *% V ,+ f.-0/21(Kq3* C?Û¤¥h#¤ªb6q
) '*% V*N UV*N U( N* N4) C  *%) *% UV N U 
±#_S¤§_zqn¤§b¨§Sh
) *%  V*N UV*N UN5* 6 0eq UV N U ) C  *%87 C

3
^V_S¤§hj,¨¥¨§t±#hpl£h#o[ttaSl£o[b) *%Gs[blSsih[¤ªb¨§qHº ¢ b._jkHbH¬¤¥j,sio]¤§l£¨·jHs¬ ?*3 h[to]_jUo
) ? *%  VVGN* 
)  '*1  /V N U  8 /V N5*%/V*N UN5*%:f /V*N U 9*FN V 8 ?





^V_¹lSh+  ?  V C  ¬j,S + p¬  >3h]j,o[¤¥h %bh
+ f  ?  0V*N U N  + f  C  ?N+ f <? U(V*N U 3
^V_S¤§h~H¤§Hbh#o]_Sb.s[blSsih[¤§t + f <?-  0 N U + f  C D?  VRjHS8¬£_SbSbH¬
+ f  ?$ 0V 0 N UV N 3 3 3N  UV   6	 8<; 0V 6 0eq U( V-  = 0eq U V 7 3 ¼vc½
 /  S
   |~jH¨ªo]bs[j,o[¤§Hb±Gjq!o]tt£o]jH¤¥!o]_Sb~S¤§hio]si¤¥£l£o]¤§tts@b/m«°bo]j,o]¤§tt,­  ¤§h»o[_Ss[tl£_
o]_£btShibsvHjUo]¤§t6o]_Sj,o3 _jHhpo]_Sbh]jHab£¤¥hvo]s[¤§Sl£o[¤¥tHXjHh~o[_Sb£lShiqzBbs[¤§t«z¤¥RjHXwHw«c%  N 0
¾¹lSbl£b=±#¤§o[_ !  "%)+	 : jHs[si¤§,jH¨@jHS h[bsvn¤¥bs]j,o[bht,­Io]_Sb %s[hvo¾¹lSblSbHÄo]_Sb=jHs[si¤§,jH¨Ks[j,o]b¸¤¥h U
jHSo]_£bhibsv«¤§bs]jUo]b.¤¥h VÛº
~tHo[bxo]_j,oVo[_Sb.h[btSz¾¹lSblSb¤§hphvojH£¨¥b.¤ª­OjHSt£¨§q¤ª­ + f  B<= D? O0  U8@3S^V_S¤§h~H¤§Hbh
U8 0V
6 0Nq YU V- B@= 8
0eq U V 7  03
±#_S¤§_RjHHs[bbhV±#¤§o[_¼¿½/º 5tsIo[_Sb.kjHhib 
 O>jH£ U  U8  UXo[_Sb.hioj,S¤¥¨§¤ªo²qtS£¤§o[¤¥t)s[bjHSh
V
U M 0 N 2 
±#_S¤§_6¤§hVo]_Sbx±»b¨§¨³¹St±# :.t¨§Sbzfpj,o[¤¥tSº
  ("B3  R)	SRz
'T  $8* R)  	»
¢ b6St± Sbsi¤§Hb6o]_£b¸uvt¤§¹o=Ss[tHjHS¤§¨¥¤ªo²q S¤§hio]si¤¥£l£o]¤§t:tH­xo[_Sb6¹lSaBbs[htH­GuvtHSh=¤§ °tHo]_ ¾¹lSblSbh¬
±#_S¤§_ ¤¥hxSbbSbX­µts~o[_SbjHjH¨ªqnh[¤§hxtH­Oo]_£b¤¥£S¤§n¤§SljH¨§¨ªqXt£o[¤¥a!jH¨s[tl£o[¤¥£Sº ¢ bSb %£bo[_Sb3rjHsio[¤·jH¨
:xbSbs]j,o[¤¥S/5lSS/o]¤§tSh¼Îr<: 5h]½
 A   	7 ?  A 7  7  KO>@0 ,2 .3 3 3 
*N 0 3
wzlS¨ªo]¤§S¨ªqn¤¥So[_Sb3b¾¹lj,o[¤¥tHXtsis[bhiBtHSS¤§So]tZ¹q 7 ¤§ ¼vc½~jHS ¼Î½/¬8jHSXh[l£a!a¤§Stbs.j,¨¥¨ Z¬
±»bt«ojH¤§8Ä  " "  0eq  U8  E>"  ¼vcc½
ØµÙÚÛØµÜ
 
		  	 ! "# %$'&()*+	,	.-."
	/ cc
±#_Sbs[b   ¼  >"/¬s[bh[°b/o]¤ªb¨ªq£½¤¥h#o]_£bsit± b/o]tsp±#_Sthib KÎo[_6b¹o[siq ¼K >.3 3 3 












































     8  	 8


±#_Sbs[b"!  V*N U N U8#jHS#  V*N U8kº
^V_Sbh[t¨§l£o]¤§t)tH­I¼vcc½G¤§h#¤ªb)q
 "   0eq  U8$  " $  E>"&%('*)cf  "C?  $  $ MO0 ¼vc½
±#_Sbs[bH¬¹q ,Gs]jHabs èhsilS¨¥b,¬~o[_SbXb¨§babo K km =tH­o]_Sb % - 	 "C a¸jUo]s[¤ m+%,'*)nf  " ?.¤§hb¾¹ljH¨o[t
Lq'0% Au= h o[¤¥abhIo[_SbeSb/o]bs[a¤¥SjHo#tH­*o]_Sbea!j,o[s[¤ mtH£ojH¤§Sb­µs[ta "Gj,­´o[bsG£b¨§bo]¤§S3o]_£bsm¹®¯o[_s[t±
jHSo]_£b'Kµ®¯o[_)t¨§lSa8º
y²ts[£bsGo[t­µlS¨§¨§q¸Sbo[bsia!¤§Sb  "»¤ªoGo[_¹lShVs[ba¸j,¤¥ShIo[tSb/o]bsia¤¥Sbeo[_Sb 
 N 2lS£³n£t±#£hp¤§o]_£b
bo[ts  ?   E>"'º 
eSbp±Gjkq3o]tSs[tnbb¸¤¥hKo]tStHo[b#o[_j,o»h[¤§Sb  "O¤¥h»jHj,¨§q¹o]¤§p¤¥o]_SbplSS¤ªo»S¤¥hi³¬­µts#jH¨§¨ $  $ M 0x­µtsI±#_S¤§_ $  " $  >£¬S±»bjH¨¥hit¸_SjHb
 >"-%,'*)Df  " ?  > 3 ¼vc½
^V_S¤§h3Ss[tn¤§SbhjRhibo3tH­#b¾¹lj,o]¤§tSh­µtHs  >"/º6y¯o3kjH °bhi_St±#Æo[_j,o¬OlSo]tRalS¨ªo]¤§S¨¥¤§kjUo]¤§tÆ¹q
jh[jH¨¥jHs¼¿¤ªox¤§he¨§bkj,seo]_j,oealS¨ªo]¤§S¨ªq«¤§S)jHqRhit¨§l£o]¤§tRo]to[_Sb3jH°tb3b¾nlSj,o]¤§tShxqXjhikjH¨¥jHsqn¤§b¨§Sh
jHSt,o]_Sbs~hit¨¥l«o]¤§t½/¬o]_£b°tlSSj,siqSsitjHS¤§¨§¤§o[¤¥bhtHShio[¤§o[l£o]¤§S=o[_SbHbo[ts  E> pjHsibl£S¤¥¾¹lSb¨§qzSb'®
o]bs[a¤§SbXq ¼vc½/º ¢ ¤§o[_Stl£o~­µlSsio[_SbspSb/ojH¤§¨¥h~±Gbs[ba!jHsi³)o[_j,opo]_S¤§h£s[tnb£lSs[blS¨§o[¤¥a!j,o[b¨ªqz±»tlS¨§
s[b¾¹lS¤¥sibhit¨§n¤§Sj6¼µ­µlS¨§¨·½VhibotH­
N 23b¾¹lj,o[¤¥tHSh~o[t¸Sb/o]bs[a¤¥£b  E>"'º 6Gb¨§t± ¼¿^V_£btsibaheSºß!j,S
Sºè½p±»bh[_St± o[_j,oeo[_S¤§hxkjH °bjHt¤§Sb8¬*sibSlS¤¥£)o[_Sb3Ss[tHS¨¥ba o]tjhibotH­GX¼¿b/b©c¬8¤§ kjHhib
  0½Gb¾¹lj,o[¤¥t£hº ¢ b.h[_SjH¨¥¨Û£bbo]_£b.­µtH¨¥¨§t±#¤¥S!s[bh[lS¨ªokº
./  /   $%$" )+	 )! $"/	10@ EH(%E/ )! $;	 )+	  = >.0@?   )! "X	 %5$O	 h R  -')!   "  ",G	! $  " $ 	%  $" "   	 	'!5$"   -   0 Y)! "  $ 	$"   '%5& ) %)  $   	  "')+	     '5W   	 C   	)! " *	% 
N 0 5$  Y)! !C "	 >.0% 
 )+	F $ <> M 3 M 3 3 3nM  B C  M  B M  B<=  M  B<= 8  0 M  B<=32 ' - L= >.0% )! " Y)! " G $G	





   747 ^V_SbSs[tntH­~¤¥h3SjHh[b©tÆ^V_Sbts[ba «º SºÐ6­µsita . 30Î¬K±#_£¤¥_ ¤¥h3­µtsialS¨¥j,o]b ­µtso]_Sbatsib
bSbs[jH¨ÛkjHhib±#_£bs[b ] jHS ^ jHs[bjHsiS¤§o[s]jHsvqÃ¼¿£tSbjUo]¤ªb½VS¤¥jHtSjH¨8a!j,o]si¤¥bhº65ts !"O>£¬So]_£ba!j,o]si¤ªm  "I¤¥o]_Sj,o#s[b/­µbs[bSbh]jUo]¤§h %bh  "  8   0  ",3
¢ bSt±tH£ojH¤§Xo]_Sbhvo]bkj,£q®²hio]j,o]b!S¤§hio[s[¤§Sl£o]¤§tSh.­µtseo[_SbkjHhibh  = >.0%ej,S  0¤§Ão²±»t
h[bjHs[j,o]bxo]_£btsibahº
 / 7  /  /  	 I !5$5 S)+	  = E>.0     "	 QM  8 0" ')! '& 
%5$G - $  " $ -. =  0   
	 
    
  j ? .3.3.3  
  j B<=   	 
 86  
 8 j ? .3.3.3  
 8 j B@=   )! %,% %$C!   Y-,!  4D%& 8  " $
 -      	    8    %$C! "E  " H  ,)! ""    " Y)! %+$"/	!$  	 8 0" Y)! !  ! +	
$5 5
  
  j B  
  q 0 N  8 
 8 j B  8 8 q 0   B B h  ?  h N  B<=  
  
  j B<=   
  q 0 N  8 
 8 j B<=   8 8 q 0   B@=

 B h  ?  h N * B@=  3
¼vck¹½
 )! "   7     0     7 
 N  8( 0   8  7 
 8  Z 0  ¼vc½
     	  "! H 
 O   K  8  Z R    
  j A  0     7 N  8 
 8 j A  0   8 7  >   K  
 N 0  Z 0 3 ¼vc5A½
 )! F*0%	10@ / %$* )! "0" 	,H Z O> 	%    " 0@H
vO 	  K  8 O> R   A
 B h  ?  h N  B<=  q
  
  j A
  q 0 q  8 
 8 j A 8 q 0  >   K  
 q 0 ¦¼vc½
vO 	  K  8 O> R    
  j A N  8 
 8 j A  K4
 
 N 0  ¼vc½
   747 }Ûbo 0 A °b~o]_£b3¼¿sit±~½Kbo[tsG±#¤ªo]_;Kµ®¯o]_¸bo]svq=b¾¹ljH¨Bo[t=cxj,SjH¨§¨°tHo]_SbsGb¹o[s[¤§bhIb¾¹ljH¨Bo[t*>£º^V_Sb6o]_Sb.bo[ts[h 
   
 8  0 ?  01  0@8 .3.3.3  0 B C  °jHs[bxo]_£b¨§b­´opb¤§bHbo[ts[htH­o]_£ba!j,o[s[¤ m  ¼¿hibb .è£¬
,Gtsit¨¥¨¥jHsvq)«ºè£ºß!jHSz}Ûbaa!j=nºß£º 0û½/¬jH£)o[_Sbsib­µtsibjHsibjHz¤§SSbBbSSb¹ojHhi¤¥h#­µts  B<= 8 ¬S±#_£¤¥_
SsitHbh#o]_jUopo[_SbsibjHs[bxlS£¤¥¾¹lSbtnb!¤§bo[h     8  ?   .3@3.3  B C GhilS_zo[_j,oÄ
 ?   E>"    
 N  8 
 8 N B C  A ?  A 0 A 3 ¼vc½
|h~jH¤§a!abS¤·jUo]btShib¾¹lSb£b±»b_SjHb¼c½'¬S±#_Sbsib±»bhvo]¤§¨¥¨Û£bb)o]t!Ss[tHbo[_j,o  IjHS  8pjHsib
¤§SSbb6Sb/o]bs[a¤¥£b6q¦¼ck¹½/º ¢ b.h[_SjH¨¥¨Û£t!o[_S¤¥hpj,oVo[_Sb.bS)tH­o]_SbxSsit«t,­ºK~t± sib±#s[¤ªo]b=¼vc½IjHhÄ
 "  U8$  " $  sq 0%  >"-%,'*)nf  " ?" $  $ M 0 3
ØµÙÚÛØµÜ
 
		  	 ! "# %$'&()*+	,	.-."
	/ c
~t,o]bGo[_j,oObjH_bo]svqtH­o]_£bIa!j,o]si¤ªm"%('*)nf  "C?¤¥hjeBt¨ªqnSta¤¥jH¨S¤§ .t,­Sbsibb#j,oa!tHhio 
 N  jHS8¬
_SbSb,¬«hit¤§hOo]_SbVbo[ts  E> -%(')nf    ?¯º-^V_Sb#SbsibbptH­ $  " $   q 0%¤§h   	 "E H 
 N  º ¢ bp³¹St±
o]_Sj,opbkjH_ztH­-o[_Sb 
N 0s[tntHo[hVtH­ $    $ ¤¥ E>@0%I¤¥h~jH¨§h[t¸j!sit«tHo#t,­bkj,_Rbo]svqtH­  E> -%(')nf    ?¯º
,IjHSb¨§¨¥¤§So]_Sbh[b.s[tntHo[h¬Sa!jH³,bhpjH¨§¨8bo]si¤¥bh~t,­   Gs]j,o[¤¥tSjH¨Á­µlSS/o]¤§tShI±#¤ªo]_o]_Sbx£bSta¤§j,o[tsVtH­
Sbs[bb 2e±#¤§o[_=s[tntHo[h  B@=32 jHS  B<=76 ¼¿°tHo]_!¨·j,s[bs@o[_jH6c½/¬njHS!o]_Sbp¹lSabs]jUo]ts@tH­ÛSbs[bbjUoGathvo«ºKpt±.¬hi¤¥£b.­µts / 0¬
0sq 0  	7  
0  7 
jHSoj,³n¤§S¤§¹o[t=j,tHlSo¼c½'¬£±GbjHsis[¤ªbj,o¼vcH½/¬«±#_£¤¥_Rq£b %S¤ªo]¤§t)¤¥h#b¾nl£¤§,jH¨§boo[tz¼vc5A½'º
y¯­¬°­µtHs K 
¬±»bhilSa vO 	 





StHo@lS£¤¥¾¹lSb,¬n±#_S¤§_=to]s[jHS¤§o]hKo]_£bjH°tb,ºO~t±.¬¹­µts >  K  
sq 0¬lShi¤¥£  A   A   ?  ­µsita ¼Î½/¬jHS¸jHS£¨§qn¤§S¼c5A½jHS6¼vck½/¬±»b~t«ojH¤§8¬¹j,­´o[bsKh[lSaa¤§S  O   K  8  Z Rtbs»jH¨§¨Z  0¬o]_£b
Sbh[¤§s[bzb¾¹lj,o[¤¥tH¼c½/º
 / 7  /  / 
  $%$"    0    "  0" )! S !  # $"  	,H !!  -  " & ) %) $  	 "
)+	 0 	  "

    
 ?  
  .3.3.3  
 B<=  
0" ')! %, %$C!  Y-, !&  "CG -       & ) %)  $'!  ! 'I CG    	E/ 0@H	
$ 	 	   )! " -. >  K  
N 0 




7 7  B<=  
 A  
 B@= 
 B<= h  ?  h  Z  0
vO 	  K  8 O> R   A
 B<= h  ?  h q
0
 
 B@=  
A  
B<= 
 B@= h  ?  h 3
 
+	""  	
+ f 8 $ 	  KE?  
 A  
 B<= 
  q 0  B<=  C A 3 ¼ÞH½
   747 ^V_Sb£s[tntH­Ssit«bbShxjH¨§tS!o]_Sbh]jHab¨§¤§SbhjHh~o[_j,o~tH­O^V_Sbts[ba Sºß«ºVy¯­   0o]_Sb6o]_£b
o]bs[a ±#¤ªo]_¸tnb!¤§bo  8@,jH£¤¥hi_Sbh»¤¥!Bt,o]_=b'm«Ss[bh[h[¤§tShx¼vc½j,SX¼c½/¬njH£¸¤§X¼c½OjH¸jHSS¤ªo]¤§tjH¨
o]bs[a  B 0 B jH£BbjHs[hº@^V_£¤¥h#SsitHbhpo]_j,o
vO 	  K  8 XZ R   
 A 6 0  7 7  >  K  
 N 0 CZ 0
 O  4
 N 0  8  > R   





¼¿y²¦o]_SbhibtS b/m«Ssibhih[¤§t ±»blShibH¬KjHhBb/­µts[b,¬-o]_£b=­¿jHoo]_jUoo]_£b=¨¥jHhiobo]svqtH­Io[_Sb 0 h ¤§ ¼vc½b¾¹lj,¨¥h >£ºß½!{nlSaa!¤§S vO 	 4





7 vO 	 4
 N 0 R

 B<=  3
{«lS£hio]¤ªo]l«o]¤§S=o]_£¤¥hesibhilS¨§o~­µts  ¤§6o[_Sbb'm££s[bhih[¤§tR­µts  O 	  K  8 Z RjH°tbH¬ÁjHSzlSh[¤§So]_£b
,jH¨§lSbVtH­   	  
FN 0%   B<=  j  ¬¹jHh¤ªb¸q¼A½/¬,±Gb#t£o]jH¤§o]_Sb %sihioKj,h[h[bsio[¤¥t!tH­o[_SbIo]_Sbts[baº^V_Sb8¬ÁlShi¤¥£o]_SbHj,¨¥lSbtH­  A jHh~¤§HbR¤§Æ¼Î½/¬±#_Sb  0H¬°±»bt«ojH¤§6o]_£bh[bt£ jHh[hibsio[¤¥tHRtH­o]_£b.o[_SbtHs[baº
5-¤§jH¨§¨§qH¬StHo]bxo[_j,o
+ f 8 $ 	  KE?  ! 
 A A  ±#_Sbs[b ! V       q 0  8 0eq$ B@=
8
0rq,  0  q 0  B<=













SsitS¨§ba&tH­a¤¥£¤¥a¤§Å¤§S H B j FLJ  »±#_Sbsib
 H B j FLJ   V  + H B j FLJ f  ?N 0eq 9+ H B j FLJ f 8 ? 
­µtsVhitab.±»b¤§_op­¿jHo[ts	;= f >.0@?ÎºK}Ûbo
    V  !#"%$B  H B j  J  
y²bSbs[jH¨¿¬-o]_Sb¸a¤¥S¤§a¤¥Åj,o]¤§t jH°b¸oj,³Hb tHbso[_Sb=SjHs]jHab/o]bsih
.¤§kj,h[b=±»bjH¨§¨§t±­µts




+ H B j FLJ f 	C?  ?   6 
  B - q 0%N 0eq, B 0Nq,  8 N  +
 N 0%% B 7 
±#_Sbs[b  ?  ¤§he¤ªb ¤¥ ¼Î½/º ¢ _£b  10¼µ±#_Sbs[b  V Ui½Vo]_Sb3j,Btb3b'm«Ss[bh[h[¤§t ¤§hxSb %£bq¤ªo]h#¨¥¤§a¤§oº
ØµÙÚÛØµÜ
 




































5s[ta ^V_SbtHs[ba £ºß±»b_SjHb­µtHs   0jHS
Z  0¬
 O 8  Z R     6 0
 
7 7 ±#_Sbs[b     6 0eq 0
 
7   B<=   B@= A ? 
 A   
B@= 
 B<= h  ?  h 3
^V_¹lSh¬ + H B j FLJ f 8 ?         q 0  8 3
5ts  M 0jH£Z  >£¬£±»b_SjHb­µsita¶^V_£btsiba Sºß«¬
 O 8  Z R    6 B<=  A ? 
  j A 7 0     7 N  8
6 B@= A ? 
 8 j A 7 0&  8  7 3
^V_¹lSh¬
+ H B j FLJ f 8 ?      B@= A ? 
  j A      q 0% 8 N  8   B<=
A ? 
 8 j A   8




^t ¤§¨¥¨§lShvo]s]jUo]bo]_£¤¥hjH£Ss[tj,_8¬O±GbtSh[¤§Sbs¸jR¹lSabs[¤§kjH¨Ib'm£jHaS¨¥b¤§ ±#_S¤¥_ ±»b_Sth[bLU( 
U8  V  >3 > nº ¢ bS¨§tHop¤§5-¤§lSsibo]_£b,jH¨§lSb  H B j  J  VjHhj3­µlSS/o]¤§t6t,­-o]_£b±»b¤§_o]¤§S¸­¿j,o]tHs
j,S o[_Sbo]_Ssibhi_St¨§ 
 ¼µ±#¤ªo]_£tl£os]j,SSta¤§Åkj,o[¤¥tÁ¬»¤¿ºèb,º ­µts  0½/º ¢ bh[bb)¨¥bjHs[¨ªq­µsita o]_£b
%l£s[b.o]_j,o#­µts#bjH_ ¬o]_Sbs[bb/m«¤§hio]hj±»b¨§¨*Sb %SSbRH¨¥tSjH¨Ûa¤¥S¤§al£a ¼¿jHhpj­µl£So[¤¥tztH­
8½/º»^V_Sb
t£o[¤¥a!jH¨o]_Ssibhi_St¨§




¢ bX£t± ¤§¹Hbhvo]¤§j,o]bÃ¤§ atsibRSb/ojH¤§¨o]_£bX¤¥SlSbSb¦t,­  t:o]_£bXS¤§ÀBbsibo)ta°tSb¹o[htH­
 H B j  J  '¬¤¿º bHº!tÃo[_Sb!b/m«Bbo[b ¨§b£Ho]_¦tH­GbjH_ t,­Go]_£bo²±»t6¾¹lSblSbhº ¢ b=j,s[b3atHo]¤ª,j,o]b qXo]_£b
­µt¨§¨¥t±#¤§S6¾¹lSbhio[¤¥tÁÄ±#_j,o¤§h.o[_Sb!to]si¤¥£l£o]¤§t t,­Go]_£b¸tSbhio]¤§t¦¤¥¦bkjH_¦¾nl£blSb!o]to]_Sb¨§tjH¨
tHhiok¬@±#_Sb lSh[¤§S jH tH£o]¤§a!jH¨Io]_Ssibhi_St¨§ ¢ b)StHo[bo[_j,o­µtso[_SbSt«®¯hiqnaa!b/o]si¤¥jH¨~jHh[b,¬Go]_£b
°bSb %SoGt,­ÁStnSbS0#¤¥h  + H B j  J f  ?jHSo]_Sb#°bSb %So»­µtHsOSt«£be¤§h  0nq  9+ H B j  J f 8 ?Þº ¢ bVo]_¹lSh@Sb %SSb
$
  V  2+ H B j  J f 	 ? 0rq  + H B j  J f 8 ? 
jHS3±»bp­µl£sio]_£bsOSb %Sb   o[t°bVo]_SbI,jH¨§lSb#tH­$
 -b,jH¨§lj,o[b¸j,oOo]_SbVo[_Ss[bh[_St¨§Hj,¨¥lSb +
.0 
o]_Sj,oea¤§S¤¥a¤§Åbh  H B j  J  /º   p¤§heSbS¤¥/o]bÃ¤§ 5-¤§Sºe=jHhxj¸­µlS£o]¤§tRt,­ ¼´±#_S¤¥_ ¤§h¤§SsibkjHhib



























































* + ,.0~mY\(	 	r)"4(	uI^:
vw  t:)q]~	P)"	y"Zs()Z	q + ,/.01/Z3z	&%	& r()Z	&1'.8:	
%"4mR#^^	& r
 g
	y}'	&(>Zt)1x + ,.0x1/.gR  g.^¡ N:¢`	~%"%]PZ
R.g@s:£~Z	%Zm<5= ?BA)CEDGF H J DLK¤ ¥!N:¦ vG1x§ DM NX"	 != ?BA)CEDGF H J DGK Zy	{(	 ! 41/
^4mU}' 	&¨}rmU= ?ª© CEDGF H J DLK § D"« ,LNO§ D 0¬:S­^£~s
Z ,.02¯®w° N « .5±$]~	n(	
 ¤  + ,/.0 ¤  ?BA-?S²|FCEDGF ,.0 ¤ .,/,/.0¥N-0¥_= ?BA-?S²"FpCEDGF =¨H JUT K O¡³6¥_ .gg´
V6]µ	{n.d¡ N:R¢¶	@#|s



































: )SN&TU;: )$V"#7 )*5VIM!I8	NXWYN.T[Z\	:<	@]3^`_acbedgf#+hiWY+Gjk^`_acbedml n bgo )$;:	')I8	 ;
]Bpqf#+hiWYr@st_Euv_<w +Gj ^`_acbed l n b2o&x +Gj ^`_ w acbed l n bHo C j ^y_ w acbed lcn bHo{z +@C D |
1H)Q: (
!I8! ';:A"}~B )$S"OZ\	J =ZN x D	')QN&T x D)$X] p f+h?C kZ7	8)+C D
 &SSR'SS8R V4' 44'V
 ,	¢¡GZ£	\I' )/




























































monpe j qjdr s2t 3vu
;ZwBKZYkmH;YEf:T.BL68B#WYGK:8;=xBoEIB#6Ixy;=C#B*E8zB#BD@S7a{:T.BLE8B#CD7F<?@S|y9.B#9?BL}~;:T68B#EIzNBDCD:~:7_:8T%GK:~7a{:T?B`^?68EI:#ZfT?B:;=VB&<?7F68V
GW=;=X#B#@ElQEl:BDV;=E-<?75}C(T%G6GKCD:BD68;=X#BD@ORQ:T?BAz?G6GVB&:B#6IE 
 k+ykc.doG<.@mRZ76JWYGK:BD668B&abB#6IB#<?CDB*}Bo6IBD}~6I;=:8BH:8T?BHEI:GO?;=WY;:QC#7F<.@?;=:8;Y7< s u GE
c.d#l~I{1{c.dl5Nd ~mF s2tFt u
  K ¡¢£  ¤ b¥ r/¦ f;YE§@?BD^%<.B#@¨GE~:T?BoB&©zB#CD:8B#@PEI7Kªl7F9?6I<«:;=VB s <?7F68V
GW=;=X#B#@S}~;=:8T68BDE8zB#CD:¬:7
jd u ;=<«C#GE8BJG<?B&}­ªl7FO_ªl7F;=<?E~|y9.B#9?B ¦ >F;xFBD<S:8T%GK:f:T.B*<9?VoONBD6§7Kaªl7FO.E\;=<:T?BL^%6IEI:\|9?B#9?B*B#|9%GKWYE~¥8®
   ¡¢8£  ¤ ¥ r v¯e ¥N° r
   ¡¢ £  ¤ ¥ r(± ¯e l²A³ ´qµ ´¶d+e°¥¸·¹8iFmF s2tº
u
s fT.B¬GC&:9%GKW%B&©zNBDCD:8B#@EI7Kªl7F9?6I<":8;YVB~;YE   K ¡¢8£  ¤ b¥ r/¦ 8ijd/Z uo» <":8T?B~E8B#|9?BDW¸ky}~T?B#<
*e¼~}B§CD7FVV
7<?W=Q7FV;:½:T?;=Efz%G68GVBD:8B#6f;=<A:T?BL<?7K:(GK:8;Y7F<AG<?@¶}~68;:B   ¢8£  ¤ b¥ r/¦ ;=<?El:B1GK@7Ka   ¾d¢8£  ¤ ¥ r(¦ /Z+¿¬<;=<?@?;x;=@?9%GKWªl7FO}~;=W=Wªl7F;=<A|9?B#9?B 3 ;=a{À   K ¡¢ £  ¤ ¥ r v½Á¼lÂ¨À   K ¡¢ £  ¤ b¥ r/± /k}~T?BD68B`ÀÃ¸Ä r vÂ;=EfGJ}B#;=>FTR:~z%G6GKV
B&:BD6








GÜ¬GEITSBD|9?;YW=;=O?68;=9?Và}½GKE§z7FEI:89?WYGK:BD@S;=<á ºKâ Z+ãL9.6Â6IB#EI9?W=:8EÂab9.6I:T.B#6E89?z.zN7F6l::T?;=EÂGE8EIB#6I:8;Y7<"}~T?BD< 
 eä r #1 r 5å.kG<?@
EI:8687F<.>FW=Q-;Y<?@.;YC#GK:B~:T%G::T.B-EGVB_;=E`:6I9?BJab7F6 
æ 5ç s V
768B_@?B&:(G;=WYE`G68B->;=xB#<U;Y<UÅBDCD:8;Y7F<è u Z`[]B_EIT?75}Hk T?75}éB&xFBD6#k :T%G::T.;YE\;YE§<?7:§<?B#CDB#EIEG6I;YWQS:8689?BH}~T?BD<«:T?B*E8BD6IxB#68E¬T%G1xFBJ@.;=MNB#6IB#<R:`EIB#6Ixy;=C#B-EIzNBDB#@?EDZ » <z%G6l:;=C#9?WYG6#k%}BE8T.7v}ê:8T%GK:LGK<;Y<.@?;=xy;=@?9%GWªl7FOëE¬OB#El:`68BDE8z7F<?EIB-:7AG"C#7FVV7F<<?7<6G<.@?7FV;YXDB#@:8T?68BDE8T?7FW=@Pz7FWY;=CDQ7aÂGW=Wß7K:T?BD6ªl7FO?EL;=E`<?7:LGW=}éG1QyEL7a:T?6IB#E8T.7FWY@P:QyzBZHfT?;=EL;YVz?W=;YBDE*GAV
768B-;=<R:68;=C1G:B s <9?VBD68;=C1GW u;=<xB#El:;=>RGK:;=7F<








 r v/k:8T?Bé7Fz:;=V"GKWy6IB#EIzN7F<.E8Bé;=EGK>RG;=<-Gf:T?6IB#E8T.7FWY@_z7FW=;YC&QFZãL9.6z?6I77Ka.:BDC(T?<?;=|9?B½;=Eßz%G6l:WQ*G<%GWQ:;=CG<?@@?7BDEé<?7K:éEIB#B#Ví:7oWYBD<?@¶;:E8BDW=a ab76éG*EI:68G;=>FTR:8ab7F6l}½G6I@AB&©y:8B#<?EI;Y7F<¶:87J;=<?C#W=9?@?B`68G<?@?7V
;=X#BD@U 
 r Fz7FWY;=C#;=B#EDZ » a+EI9?C(TUG<B&©y:8B#<?EI;Y7F<}B#6IB-68B#GW=;YXDB#@kî:8T?;=E¬}é79?WY@«E89?z?z7F6l:`:T?Bo<9?VB#68;=C1GKWß;=<xB#El:;=>RGK:;=7F<7a{:T?BHB/©.;=EI:8B#<?CDBJ7aßÜ¬GKE8TB#|9?;=WY;=O?68;YG"7Ka:8T?68BDE8T?7FW=@S:QyzB*GWY7<?>_:T?BHW=;Y<?BDE§7Ka á ºKâ Z
ïïñðòóDôDõDö
t  
	  	  
 "!$#&%'$(')%*+,-"
Ê~Ë/. 02143.Ö65 ÎÂ×IÖ/387:9';<3(=>9@?A3.Ñ§Ú.Ò ÐÑ 9Â×CBÓÚ.Ò ÐD1)9E§ÐyÒ ÐF;G9ÚIHKJ L
Ü§9.V
BD68;=C1GW B/©.GVz?WYBDE¬;=< á ºKâ ;Y<?@.;YC#GK:BL:T?GK:1k?}~T?BD<m¬e¼ s G<.@SÀ-eävi ± u k   K ¡¢ £  ¤ b¥ r v{   K ¡¢ £  ¤ ¥ r/± ;=E;=<?C#6IB1GEI;Y<?>;Y<¥IkN;=Vz?WQ;=<?>A:8T%GK:\:T?B*7Fz.:8;YV
GW{68BDE8z7F<?E8BJ;YE§G
:8T?68BDE8T?7FW=@Pz7FWY;=CDQZ\ÞéB#W=75}ê;=:¬;YE§E8T?75}~<:T?GK:½:T.;YEf;=E½<?7:½<?B#CDB#E8E8G68;=WQ¶:689.B`ab7F6é>FBD<?B#68GWmHG<?@¶ÀZÂÅBDB`ab7F6½;=<?EI:G<?C#BH;Y>F9.68BHÆo}~T?BD68BKk?ab7F6é:T.Bz%G68GVBD:8B#6~xGKWY9?BDE 
 eNMkJehFkc.dée -G<.@PmLe Ä.POQ.k%}éBoz?W=7:8:8B#@    ¡¢8£  ¤ ¥ r v\GK<?@   K ¡¢8£  ¤ b¥ r/± fab7F6¥§e Ä r  r 11 rSR Z » aé}B":GTB
ÀPeÄ.POkßGK<;=<?@?;xy;Y@?9?GWªl7OU}~;=WYWîªl7;Y<|y9.B#9?B t ;aé:8T?B#6IBGK68B
B&©.GCD:8W=Qº ªl7O?E§;=<«:8T?B*^?68EI:¬|9?B#9?BoO?9.:¬;=:\}~;YW=W%ªl7F;Y<S|9?B#9?B 3 }~T?BD<«:T.BJ|9?B#9.B-WYBD<?>:8T«;=E =	$&L'&




























V VV VV VV V
V VV VV VV V




























X XX XX XX X
X XX XX XX X
X XX XX XX X
X XX XX XX X









































Z ZZ ZZ ZZ Z
Z ZZ ZZ ZZ Z
Z ZZ ZZ ZZ Z
Z ZZ ZZ ZZ Z
Z ZZ ZZ ZZ Z
Z ZZ ZZ ZZ Z
Z ZZ ZZ ZZ Z





















































\ \\ \\ \\ \
\ \\ \\ \\ \
\ \\ \\ \\ \
\ \\ \\ \\ \
\ \\ \\ \\ \
\ \\ \\ \\ \
\ \\ \\ \\ \
\ \\ \\ \\ \
\ \\ \\ \\ \



































































^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^
^ ^^ ^^ ^^ ^





















ß;=>F9?6IB*Æ®   K ¡¢8£  ¤ ¥ r v½G<?@   K ¡¢8£  ¤ b¥ r/± 
a'bdcecef>ghjilk mn$po 
 c.d 	qo m   ¢8£  ¤ ¥ r(±   '&r(ts$6n" ¥ 
uwv(xyxqz|{ B&: }D~ G<.@ D~ ONB*GE~;=<fT?B#7F6IB#V?Z º Z%687V D~p_j}~(e Ä-}éB*T%G1xFBHab7F6~Ä_ì¥ 
 ÇF®
 ~ d g} ~ 2 ~ bj q+Ç2g-jd j q(d} ~  I ~ Nd jd-} ~ eÏÄ.
 BD<?C#BKk;=a{}éB*<?7F6IV
GWY;=X#BHEI9?C(TS:8T%GK:4D~ e¼H}B*V"G1QA}~6I;=:8B®





 BD68BKk el¬d½G<?@ e ~q§G6IB`:T?BL:}7"6I77K:Ef7a{:T?BHz7FWQ<.7FV; GW
g} ~ Ïj q+°2gJjdjq( } ~  -jd-} ~   q 
[B*C(T.77FEIB¬dfG<.@ ~qfE89.C(TS:T?GK:
¬d	
F r c.d æ 	R r c.d ~qÄ.
fT?BHC#7yB
CD;YBD<:J;=E\>;=xB#<«ORQ
äe   "!     £ ~q £ j~q¬dI e ~qÂ]c.d~q5~q+F¬dI  Ä r
Å;=V;YWYG68WQ
~F e
d#.£   £!d# £  d#  ìÄ BD<?C#BKkÄ -ÛFZ%687V s2t8  u G<?@ s2t  u }éBHT%G1xFBK®
²³ ´"qµ ´¶deÏ¥¸· e c.d8 1Nd i8D~1Nd} ~ 
$%
'& ¬dc.d(  Ïl~2K& ~qc.d)( +*, - W=B1G6IW=QkN²ì³¾´"qµ ´¶deÏ¥·{G<?@k%T?BD<?C#BKk   ¢8£  ¤ ¥ r/± ½G6IB*CD7F<RxFB/©;Y<¥8Z
%7F6\^©.BD@/.ßkNc.d\G<?@mJWYB&:`9?E§@?BD^?<?BJ:T.BJE8B&:`7aEI:(G:B#E§7a+|9?BD9?B 3 ab76\}~T?;=C(TP;:¬;=E¬7Fz:;=V"GKW:87ªl7F;=<|y9.B#9?B t ®0 1. r c.d r mvén e32¥nRÀ   ¢ £  ¤ b¥ r v æ Ù\]À.   ¢ £  ¤ ¥ r/± 4657vÄ r  r/±r 1# r .
Ç8Â s2t Æ u
%9?6I:8T?B#6IV7F68BKk WYB&: 9  ;. r c.d r mvHnpe3<= 0 ;. r c.d r mv¬G<?@/9  1. r c.d r mv*npe?>A@B 0 ;. r c.d r mv s ORQPCD7F<RxFBD<:;=7F</C=ED"ehF GK<?@/>A@CBGD"eGF u Z\[]BJGWYEI7¶@?BD^?<?BJ:T.BJE8B&:L7aEl:(GK:8B#E¬ab7F6\}~T?;=C(TPON7:8T|9?B#9.B#EG6IB*BD|9%GW=W=QG:8:68GCD:8;=xB®
²A;. r c.d r mv½npe 2 ¥+nRÀ   ¢8£  ¤ ¥ r v+e lfÀ   ¢8£  ¤ ¥ r/±  4 5 2 9  ;. r c.d r mv 4IHJ2 9  1. r c.d r m 4  s2t8K uL xv(xNM;Mjf vPO gh<Q $& c.d 	qo mSR $ mn$po  	 ,%$(
	½$('%.'5$('¶]	îìI	qoy_T$po 1. r 5,y($('(,% o%  rVU­	($P¸)é ! ,y$('(,% oP%  r&2$('er(,.	I	Dr&$&/T$po R U 9  ;. r c.d r mv 	qo 9  1. r c.d r mv 	'01 )ß' 2 * 'S(¸
	Â¨$S	XW5 R Ù¨!#$&%$ ±  0 9  1. r c.d r mAÁà´¶d¶ÁY9  1. r c.d r mv 	qoU!#%$&$  b,%$&/)+ '5$ w 0 ´ ÃÈ²;. r c.d r mv  )ß,y r(,S
	8U R $-,%$ r8	'5$_	\$&b,%$&ob,y$('(,% o s	 $  î$
	8U oy$ s5	$ß0/b,%$L	 R (s$L	qoyÙ$`Ù_!#$&%$  )+,%+ 5'&(
	 ZU\[,.	 r8	'5$ R ,$('J	$_$8!#?	]U"	¸I	Dr& s$_^ 
ïïñðòóDôDõDö
tFt 
	  	  
 "!$#&%'$(')%*+,-"
uwv(xyxqz » a 0 ;. r c.d r mv+e DJ;:;YEéGW=}éG1QyE½7Fz.:8;YV
GW:7*687F9:B§:87o:8T?B§^%6IEI:|9?B#9?BKZã`:8T?B#6l}~;YEIB¬}B`T%G1xFBKkab687V { B#VV
G K Z 3 G<?@:T.B~aGKCD:+:T?GK:   ¢ £  ¤ ¥ r vß;=EÂW=;=<?B1G6;=<"¥IkR:T%GK: 0 1. r c.d r mvß;=EÂG<9?<?;=<:8B#6I689?z.:8B#@E8BD|9?B#<?CDBJ7a;=<:8B#>FBD68EDZ
 bDcef v ghji » a9  ;. r c.d r mve Ä]G<.@ 9  ;. r c.d r mv .¨ Fk½:8T?B#<¯:8T?B«7z.:;=V




7K:T?BD6I}~;=E8BZ-[ÇT.B#<9  1. r c.d r mvLeÄSG<.@ 9  1. r c.d r mJ?.êk:8T?B
7Fz?z7FE8;:BT%Gz.zNBD<?E#®JG<?B&}Ûªl7FOUE8T?79?WY@ªl7F;=<:T.B^%6IEI:\|9?B#9?B*;a:8T?B#6IBo;=E\GwWYG68>FBKë%<9?VJOB#6~7aªl7FO?E~GK:f:8T%GK:\|9?B#9?BKZ
- WYB#G68WQFk*G<?7F<Û68G<?@?7V
;=X#BD@Û:T.68B#EIT?7FW=@ z7FWY;=CDQ s <?7:8B~B#V
G6 T K Z 3 GO7vxB u ;YE:T?BU7Fz.:8;YV
GW68BDE8z7F<?EIB¬:7_Go<?7F<A68G<?@?7FV;=X#BD@:8T?68BDE8T?7WY@¶z7FW=;YC&Q";a{G<?@¶7<?W=Q
;a 9  ;. r c.d r mv+e .*FZÞéB#C#G9?EIB`7a:T.B*CD7F<RxFB/©.;:QS7a   ¢ £  ¤ ¥ r(±  s { B#VV
G K Z 3vu GK<?@:8T?BHWY;=<?B#G68;:Q7a   ¢ £  ¤ ¥ r v&k%GE89"CD;YBD<R:¬CD7F<?@?;:;=7F<ab7F6 9  1. r c.d r m+e .
°H;YEoÙ\À   ¢ £  ¤ ;."° r/± éÁÀ   ¢ £  ¤ ;.
Ç r v/Z%687FV s2t  u }B*T%G1xFBL:T%G:
²Ç³ ´"qKµ ´¶d+e ."°D·e } ~ ì r
T?BD<?C#BKkORQ s¸tº u k   ¢8£  ¤ ;."° r(± +e & } ~  ° ( m  s2t è u
fT?B-<.B&©y:LW=B#VV




	 $& .  c.d 	qo ¥_Ã"Ä r  r/±yr 11 r .
°  R $mn$po > $& m 1. r c.d8	ÝÄ R $
'&r(,]b,.	m
eÝm ;. r c.dI 	Dr(,y2$ s$('"$8!#?	 ;UÈb,%$J'&	 R  ;U r(qo2 s¸tFt u F	 ,%$&   ¢£  ¤ b¥ r/±   ' r(%%R'	qo]'&¸/ r&]UIoy$Gr&($8	'& m  m ;. r c.d8  ¨($((s$&   0 m F b,%$&   ¢£  ¤ b¥ r/± °Ä 	qo 0m-m ;. r c.d8 ,%$&   ¢8£  ¤ ¥ r/±  F 
uwv(xyxqz fT?BAz?6I77a~C#G<ÈBD<:8;Y6IB#WQÈOB>F;xFBD<9?E8;=<?>¨G<%GKW=Q:;=CAGK68>F9?VBD<:8E#Z  7v}BDxB#6Dk:87E8T.7v}:T.BV7F<?7:87F<?;=C#;:Q}éB*z?6875xy;=@?B-GV7F68B*;Y<.EI:6I9?CD:8;=xB-z?6I77a9?EI;Y<?>G"CD7F9?z?W=;Y<.>AG6I>F9?VB#<R:1Z - 7F<?E8;=@?BD6§:T.BEIQyEl:B#Vh7a:}é7*|9?B#9?BDE+ab7F6ß:}7HxKGW=9?BDEÂ7KamFkFE8G1Q
m  G<?@"m  Zß¿§E8E89.V












:;=VB7af:8T?B R:Tªl7FOG6I68;xy;Y<?>S:7S:8T?BAEIB#C#7<?@|9?B#9?BONB"B#|9%GWÂ:7 #iFm  kß}~T?;=WYB";Y<:T?BAEIB#CD7F<?@
EIQyEl:B#V }B§EIBD:Â;:BD|9%GW?:71iFm  Z s Ü\7:Bf:T?GK:1kE8;=<?CDB\:8T?Bf^%68El:|9?BD9?B¬OB#T?G5xB#E;Y@?BD<R:;=C1GW=W=Q;=<
ON7:8TEIQyEl:B#VEDkî:T?BoG6I68;xGKW z?687yC#BDE8E`G:§:8T?BoEIB#CD7F<?@|9?BD9?BJ;=E`GW=E87
:T?B*EGKV
Bo;Y<SON7K:TEIQyEI:8B#VE#Z u - W=B1G6IW=Q
G\ªl7FOGK6868;xy;Y<.>-;Y<R:87-:T?B`EIB#CD7F<?@|9?B#9?B`}~;=W=WîOB¬:(GTKB#<;=<:87_E8BD6Ixy;YCDBLB1G6IWY;=B#6é7F6½GK:é:T?B`E8GVB¬:;=VB s ;aO7:TSE8B#CD7F<?@P|9?BD9?B#EHG6IBJBDV
z:Q u ;Y<:T?B-ElQyEI:BDVñ}~;:T«E8B#6lxy;YCDB_6GK:8B_m  :8T%G<;=<«:T.BJEIQyEl:B#VÓ}~;:T
:T.BW=7v}B#6JE8B#6lxy;YCDB¶6GK:8B¶m  Z  B#<?CDBkGK:-G<RQUzN7F;=<R:-;=<]:;=VBk:8T?B<9?VoONBD6_7aßªl7FO?Eo;Y<:T?BAEIB#CD7F<?@|9?B#9.Bo;=E~<?BDxB#6\W G6I>FB#6~;=<¶:T?Bom  ElQyEI:BDV :T%GK<S;=<:8T?Bom  ElQEl:BDVZ
fT?B¶C#7<:8;Y<9?;:Q7a   ¢8£  ¤ ¥ r(± *;=<mC#G<OBz?6I7vxB#@9?EI;Y<?>UG6I>F9?VB#<R:8E_GE-;=< á  kÂÅB#C&:;=7F< t Z K â ZfT%GK:   ¢£  ¤ ¥ r/± -Ä§GEm  F C1G<oONBÂE8BDB#<_ORQ*<?7:8;Y<?>\:T%G::8T?BEIB#CD7F<?@_|9?B#9.B½;YE{<?B&xFB#6ßW G6I>FB#6:T?G<:T?GK:½7a :8T?B 3 |9?BD9?B`:T%G:f68BDE89?W:Eéab6I7FVí687F9:;=<?>GW=Wªl7FO.Eé:7J:8T?B`EIB#C#7<?@¶|9?B#9?BKk%;¸ZBZ=k.T?G5xy;=<?>
G6I68;xGKW%6GK:8B\c.d+G<?@"E8B#6lxy;YCDB¬6G:B¬mRZß;Y<?GWYWQFkR:8T?B§9.<yO7F9?<.@?B#@?<.B#E8Eé7a   ¢ £  ¤ b¥ r/± GKE½m§@.B#C#6IB1GEIB#EfGK<?@;=<?EI:GO?;=WY;:Q«;=E`GKz?z?687FGC(T?B#@îkC1G<«ONBoz?6875xFBD@ab7F68V
GW=WQS9.E8;=<?>:T?GK:J5i}~§;=E¬WYG68>FBD6§:8T%G<c.dl5Nd (im r}~T?;=C(T«;=Ef:T?BL:68G 
CHWY7RGK@7<:8T?BHE8B#CD7F<?@|9?B#9?B
	DZ
L xv(xNM;Mjf vPO gh  $& .  c.d 	qo ¥R $'mn$po  	 ,%$& 9  1. r c.d r mv  'JîPyr&$8	'&¶	qo 9  1. r c.d r mv '*î oy$Gr&$8	'&" m m ;. r c.d8  ¨$((s$&  01 m =	$-$&îKK,)é$L,.	s$ 9  1. r c.d r m+eÏÄ 	qo9  1. r c.d r mv+e .A  	qo01 m '&
	?$&îK, R y=	$&é,.	 m 1. r c.d8 )é$Â,.	s$ 9  ;. r c.d r mv+e F	qo 9  1. r c.d r m+e¼F 
uwv(xyxqz ;Y6IB#C&:WQ;YVz?W=;YBD@«ORQ { B#VV
GE K Z 3 GK<?@ K Z º Z
Ê~Ë K9E B¬Ö 3.ÖC9E§ÐF;G9Ú 9'143?Ö-5 ÎÂ×IÖ/37 9'; E\Î





GW68BDE8z7F<?EIB:7§G\:8T?68BDE8T?7WY@-z7FW=;YC&QL:7\ONBG>RGK;Y<JG s zN7FEIE8;=O?W=Bé@?;MîBD68BD<: u :8T?68BDE8T?7FW=@-z7FW=;YC&QFZ%9?6l:T?BD68V7F6IB;:E8T?75}~E:T%GK:_:87PC(T?B#CGT7Fz:;=V"GKWY;:Q7a~:T.68B#EIT?7FW=@­6IB#EIzN7F<.E8B#Eab7F6-^.©BD@ .°G<?@c.d&k;:E89C
C#BDE
:87C#7<?E8;=@?B#6§G_E8zB#CD;=^%CHxKGW=9?BH7a+m*;Y<?El:B#G@S7KaGW=W{m m 1. r c.dl&Z
 bxv(bDc gh $& . 	qo c.d'R $'mn$poA	qo m;. r c.d8 m ;. r c.d8 R $*b,%$*y%!#$L'5 y2Ù0
  ¢ £  ¤   ¢ £  ;.
Ç r/± +e À~À   ¢ £  ¤  K ¢ £  ;."° r v& s2t u
	 ,%$&-01J	 m æ m  ;. r c.dI b,%$&$$6nF '&'J	¶,y$('(,% o %  rVU")ß,y r(,S 'J	È(¸
	$('%.'5$_Ù0o	qo s5jo.	 W5 R 
b,%$ 1. r v %  rVU k y/b,%$&/$  ,%$01 )+¶	$-$8!#y s	 $&% [ ^A01½	ds	 %$('~Ù0 mm 1. r c.dl b,%$&$¬$6nF '&'½	H,y$('(,% o½%  rVU¬)ß,y r(,J 'f	¶(¸
	$('%.'5$ !#"%$
&('*)
+,-)/.0+13254%6''$7,4 ð98 & ð 6;:<,+=.?>. ð .@+ 6BADC@, ð 1.@EF1 8 & ð 1$7.?)7+,F,BGH,BGHIJ.@:<:K6ML
N O7N õ ,GQP õR8 )9N ö LTSUNV"%$
.@+=.1$7.W+,-AX.*,BGZYT[\-]Q&('^)









	  	  
 "!$#&%'$(')%*+,-"[ ^   ¢8£  ¤  K ¢8£  ;. r(±  æ  d      ¢8£  ¤  K ¢8£  ;. r ve  d    1.
°v [ ^ m  1. r c.d8 æm;. r c.d r À e lfÀ	Ic.d  d      1%q  
 [ sA^¯$&,%$& c.d½Á d1%q 
l*v 5%q
 &. viKÀc.d#1.
 ± ß (  ÁÇÄ r)ß,%$&$H)é$`'& R '&¸yÙ$ m`e m;. r c.d r À %b,%$_$&%/2$('_Ù0L,%$*
	¸/ n _   
uwv(xyxqz fT?B-B/©;YEl:B#<.C#B_G<.@9?<?;=|9?B#<?BDE8EL7am  ;. r c.d8fab7FW=W=7v}~E§@?;=68B#C&:WQab687FV { B#VV
G K Z º GK<?@«:T.BaGC&:f:T%GK:   ¢8£  ¤ 1.° r vé;=Ef;Y<?@.B#zB#<?@?BD<R:`7amFZ76~GWYW m æ m  ;. r c.d8}éBHT%G1xB*:8T%GK:9  1. r c.d r mv+e.LÈ s { B#VV
G K Z º G<?@ - 7687FW=W GK6IQ K Z  u G<?@kyT?BD<?C#BKk:T.B#68B\B&©;=EI:8EfG<7z.:;=V
GW%:T?6IB#E8T.7FWY@68B#EIzN7<?E8BKZ
{ BD:~9?E½<.7v}Ïz?6I7vxB`:T?BLBD|9?;=xKGW=B#<.C#BH7a s ; u G<?@ s ;Y; u ZÂÅy9?z?z7FE8B s ;Y; u T?7FW=@?EDZ%7F6½m æ m;. r c.d8Â}BGW=68B#G@.Qz?6875xB#@:T.BJ7Fz.:8;YV
GW=;:QS7Ka:T?6IB#EIT?7FW=@PzN7FW=;=C#;=B#E`;=<«>FBD<?B#68GWZ » am_Ãì¸m ;. r c.d8 r m  1. r c.d8If}BT%G1xFB 0 ;. r c.d r mv+e D§OB#C#G9?EIB7a { B#VV
GE K Z 3 G<?@ K Z º Z  B#<?CDBkF;=<H:T?;=EC#GE8BÂ;:ß;=E{GW=}éG1QyEß7Fz.:8;YV
GWF:87ªl7F;=<|9?BD9?B 3 ZfT.B#68B&ab7F68BKk s ;Y; u ;=Vz?W=;YBDE s ; u Z¿§Eab7F6+:8T?B¬CD7F<RxFB#6IE8BKk?E89?z.zN7FEIB¬:T?GK: s ;Y; u @?7BDEé<?7K:éT?7WY@k;ZwBKZYkßl\À   ¢ £  ¤   ¢ £  1. r/± fÇÀ   ¢ £  ¤  K ¢ £  ;. r v&Z½ÞQ { BDVV"G K Z º k%:T?BD68BJB/©;YEl:E`GK<Pm-Ïm  ;. r c.d8E89.C(T«:T%G:_Ù§À   ¢8£  ¤ 1."Ï r/± ÇÀ   ¢8£  ¤ ;."Ï r vé}~T?;YW=BJEl:;=WYWél\À   ¢8£  ¤ 1. r/± fÇÀ   ¢8£  ¤ ;. r v&ZfT?BD68BDab768BA;:-;=E-7Fz.:8;YV
GW:7
ªl7F;Y<]|y9.B#9?B t ;=af´¶dJeY.ìG<?@ªl7F;Y<]|y9.B#9?B 3 ;af´¶doeY.äFk}~T.;YC(TC#7<:86G@.;YC&:E s ; u Z+fT?;=E§z.6875xFBDE\:8T%GK: s ; u ;YVz?W=;=B#E s ;=; u Z
Ü§75}Û}B*E8T?75} :8T%GK: s ;=;=; u ;=E\BD|9?;=xKGW=B#<R:\}~;=:8T s ;Y; u ZfT?BLab7FW=W=7v}~;=<?>
EI:8B#z?E§G68Béªl9.EI:;^%BD@«OB#W=7v}HZ
l~À   ¢8£  ¤  K ¢8£  ;. r(±  æ À   ¢8£  ¤  K ¢8£  ;. r v d l~À&c.d D~ i8D~5Nd} ~  Ç ( m  1. r c.d8 æ ÀN;."Çvq &l~2} ~ lc.d ° ~ÀÀî1.
 ±  ( } ~  ° æ À~À ;.
°58m  ;. r c.d8
 §c.d° &. fÀÀî1." ±  ( & ÀN;.
 ± ~ÈÀ m  1. r c.d8ßì ( æ À~ÈÀ ;."°vIm  ;. r c.dI m  ;. r c.dI æ l~À&c.d ~ÀÀî1.
 ±  ( 
» <El:BDz 3 }B¬9?EIB s¸tº u G<?@ s¸t  u Z+%7F6EI:BDz t }B¬<.7:B~:T%G:1kGKa:BD6C(T?7y7FEI;Y<?>-m`eÛm  1. r c.dI/ky:8T?B¬WYGEl:C#7WY9?V<7a{:T?BHB#|9%G:;=7F< ~S- }~e Ä_>F;xFBDE#®
 ~ } ~ c.d I ~5Nd 1 } ~  q c.dß2} ~ c.d °¯m  1. r c.d8I ¯m  1. r c.d8 
 eÛÄ
 BD<?C#BKk
c.d D~ ~5Nd ehl~2} ~ Ùc.dÇ
}~+ì








} ~ m  1. r c.dlÂe ~ÈÀÀN;." ±  r s2t 4Ru
}~T?;=C(TÈab7FW=WY75}~Eoab6I7FV s2t è u GK<?@ s2tK u Z » <ÈEl:BDz º }B¶G>RGK;Y<9?E8B s2t 4Ru G<?@:T?B
W GKEI:-El:BDzÈC#7F<.C#B#6I<?E7F<?WQ¶BDWYBDV
BD<R:(G6lQ7FzNBD6GK:8;Y7<?E#Z
ß;=<%GW=W=Qk.}éBHEIT?75}Û:T.BLB#|9?;xGKWYBD<?C#B*7a s ;=;Y; u G<.@ s ;=x u ZéÅy9?z?z7FE8B`:8T%GK: s ;=;=; u T.7FWY@.E§GK<?@A:T%G:~c.d d5%q Z6I7FV m;. r c.d r À½Á°m  ;. r c.d8ÂGK<?@ { B#VV
G K Z º ;=:Âab7FW=WY75}~E:8T%GK:`lÀ   ¢8£  ¤  K ¢8£     1.LÈ r/±  æÀN;." ± H}~T?;=C(TkÂ9?E8;=<?> s2t è u k+;=E-B#|9?;xKGW=B#<R:}~;=:8T }~lÀLc.d#1.
 ± ß¯vÁ §ÏÀLbc.dD;." ± ßìv&ZÅ;=<?C#B*c.d d5%q ;=:\Vo9?EI:\OBH:8T%GK:
} ~ Á  À`bc.d#1.
 ± ßv  EI;Y<.>¨:8T%GK:e }~J;=E-:T.B¶9?<?;=|y9.B¶687y7:-7aµ _Fvµab7F6  G<?@°l*v 5%q µ _Fvµ  Ä«ab7F6Ã
l r }~ EIB#B:8T?Bz?6I77Ka½7a { BDV
V
G t Z ?Z «;=< á Kâ  }BA<?75}íT%G1xB¨l*v 1%q µ -R5µÁ Äab7F6	PeH d   ¢8£  1%q   d  ZÏfT9?EDk s ;Y;=; u ;YVz?W=;=B#E s ;=x u Z » :A6IB#V
G;=<?E:7E8T?75}Ó:T.BC#7F<RxB#68EIBZ fT?;=EAC#G<ìOB@?7F<.BJORQ«6IBDxB#68EI;Y<.>:8T?BJ768@?BD6`7a:8T?BJz?6IBDxy;=7F9?ELEI:8B#z?ED®§;:\ab7FWYW=75}~E¬:T?GK: }~IÀ`c.d#1.
 ± ßv\Á ½ÀLbc.dD;." ± ßìvG<?@kyT?BD<?C#BKk   ¢£ 
 ¤  K ¢8£     ;.`È r/±  æ  d    ;.L ± +E87*:T%G: m;. r c.d r À½Á°m  ;. r c.d8&Z
{ BD:\9?E~O?68;=B.Q@?;YEIC#9?EIE§:8T?BHC#7F<?EIB#|9?BD<?C#BDE`7afT?B#7F6IB#V K Z ÆZG6I: s ;Y; u GWYW=75}~E~9?Ef:7
@?B#CD;Y@?BH:T.B7Fz.:8;YV
GW=;:Q7a:T.68B#EIT?7FW=@6IB#EIzN7F<.E8B#EH7F<:8T?B_B#<R:8;Y6IB º @?;=VB#<?EI;Y7<%GWz%GK6GVBD:8B#6LEIz%GC#BS1. r c.d r m\OQC#7V
z.9.:;=<?>   ¢8£  ¤ ;. r(± `7F<?WQPab7F6`xKGWY9.B#EJme m  1. r c.d8/ZG6I: s ;=;=; u ;YVz?6I75xFB#E*:T?;=E*C#7F<?@.;=:8;Y7F<¨}~;:T68BDE8zB#C&:f:7_C#7V
z.9.:(GK:8;Y7<%GWCD7FVz?WYB/©;=:Q®Â;=:f6IB#|9?;=68BDE§G-EI;YVz?W=B#6fCD7F<?@?;:;=7F<7F<m  1. r c.d8Â:87_ONB¬BDxKGW 9%GK:8B#@;=<?El:B1GK@7a+CD7FVz?9.:;=<?>   ¢8£  ¤  K ¢8£  ;. r/± &Z~;Y<%GKWYWQFkßG6l: s ;=x u 7vxB#6IC#7FVB#E`:8T?BJ;=<?CD7F<RxFB#<.;YBD<?C#B7aßT%G1x;=<?>:87"B&xKGWY9?GK:BJm  ;. r c.dIfab6I7FVà;:E\;YVz?W=;YCD;=:¬@?BD^?<?;=:8;Y7< s2tK u Z » <.EI:B#G@k:T?B*@?B&:B#6IV;Y<%GK<:¬7a_R½<?B#BD@?E\7F<?WQA:7
ONBLCD7FVz?9.:8B#@«7<?C#B*GK:\GE8zB#CD;=^%CHxKGW=9?BH7a_ab7F6fB#GC(TSz?G;Y6o1. r c.d8/ZL xv(xNM;Mjf vPO gh g $& Àeêvi ± k ~,%$r8	'5$(' .«eÏÄ  .«e¼ 	qo .«e ±  	qo01`	)U)s	 $('HÙ0 c.d	qo m ,.	Â
	R$Lb,%$L'VU5'&Ù$&'&	 R  $  ,%$&$* 'o	(
	$('%.'5$H,y($('(,% o`%  rVUÙ	 1. r 5%  rVU 
uwv(xyxqz fT?BC#7F6I7FW=W G6lQ«ab7FW=W=7v}~EHORQG6I: s ;=x u 7aÂfT?B#768B#V K Z Ækî;Y<RxF7W=xy;=<?>«7F<.W=QPBDWYBDVB#<R:(G6lQ s O?9::BD@?;=7F9?E8WQWYBD<?>:8TQ u V
GK:868; ©V
G<?;=z?9?WYGK:;=7F<?E s }~T?;=C(T«}BJ7FV;: u Z~%7F6f:8T?BJC#GE8B.Pe Ä.kT?75}éB&xFBD6#kî}B>F;xFB*G s EIT?7F6I:8B#6 u z.687y7aß9.E8;=<?>G6I: s ;Y;=; u 7KaßfT?BD7F68BDV K ZpÆZ+¿¬E~;=<:8T?BLz?6I77a7a { B#VV
G K Z º }éBH9?EIBvi}~L c.dl5Nd (iFmFkC&aÙZ á  kzîZ Æ tâ ZLfT?B_6I;Y>FTR:lT%G<.@PE8;=@?B_7a+:T.;YE`BD|9%GK:;=7F<¨;=E¬:T?Bo:6G"CJWY7RGK@P7F<:T.B*EIB#CD7F<?@«|9?BD9?BZ  EI;Y<.> s;K u k.ab76fHeäFk%GK<?@ s¸t 4Ru }BL:T?BD<«T%G1xFBK®
m  ;. r c.d8 .
 ± c.d 1%q 1Nd  c.d   s¸º  u
ïïñðòóDôDõDö
t8K 




m  ¸Ä r c.dI  ± & c.d qc.d (  ±  c.d ±  
%7F6 .e Ä_:T.;YE§z?6875xFBDE§:8T?Bo7z.:;=V












GW¬6IB#E8z7F<?EIB#E¶7a*GK<;Y<?@.;=xy;=@?9%GW`CD9?EI:87FVB#6:87<?7F<y6GK<?@?7FV;=X#B#@:T?6IB#E8T.7FWY@El:68GK:BD>F;YBDE;. r v/Z - 7F6I7FW=W G6lQ K Z K E8T?75}~EJ:8T%GK:oab7F6*:8T?BC#GE8BDE .eàÄ.k.Se¼\G<?@X.Se ± k:T?Bf7z.:;=V
GW?68BDE8z7F<?EIB\;=EGW}½G1QyEÂG`<?7F<6G<.@?7FV;YXDB#@:T?6IB#EIT?7FW=@
z7FW=;YC&Q s BDxFBD<"ab7F6<?7F<y;=@?B#<R:;=C1GKW?E8BD6IxFBD68E u kz?6875xy;=@?B#@_:T.B½EIQyEI:8B#V ;=EEl:(GO?W=BZßfT?;YE+z?G6I:8W=Q s :8T?B½7Fz.:8;YV
GW=;:Q-7a%:8T?68BDE8T?7FW=@68BDE8z7F<?EIB#E`T%GKE¬<?7:§OB#B#<«E8T?75}~<ab7F6\e  u ªl9?EI:8;=^?B#ELG
<y9.V
BD68;=C1GW;Y<RxB#EI:8;Y>FGK:;=7F<P7a:8T?B*B&©;YEl:BD<?C#B7a`Ü¬GEIT¯B#|9?;=W=;YO?6I; GGW=7F<?>¨:T?BWY;=<?BDE"7a á ºâ }~T.B#< .hÁ ± Zã`<:T?B7:8T?B#6T%G<.@ké}BST%G1xB«9?EIB#@ßGK6I: s ;x u 7aîfT?B#768B#V K Z ÆL;Y<G*<9?VBD68;=C1GW;=<xB#El:;=>RGK:;=7F<:87o@.BD:BD68V;=<?B§xKGW=9?B#EÂ7a+c.d r mvE89?C(T
:T%G::T.B-7Fz.:8;YV
GW68B#EIzN7<?E8B;=E`<?7:HG
:T?6IB#E8T.7FWY@¨z7FW=;YC&QO?9.:`<?B#CDB#E8E8G68;=WQ¨G:}é7:T.68B#EIT?7FW=@¨zN7FW=;=CDQ«}~T.B#<.SelM rpR?r 11 r 5å.ZfT?B<9?VB#68;=C1GKW6IB#E89.W=:8E;Y<.@?;YC#GK:B:T?GK::8T?;=E;=EGW=E87\:T?BÂC1GKE8Bab76{WYG6I>FB#6xKGWY9.B#E{7a).ßkE8;=<?CDB\:8T?BfE8B&:7KaNxKGW=9?B#E7ac.dab7F6}~T?;=C(T
:8T?B#6IB~B&©;YEl:éC(T.7F;YCDB#EÂ7aîm\W=B1G@.;Y<?>H:7H7Fz:;=V"GKW ¸)é ! ,y$('(,% oz7FWY;=C#;=B#Eo:9?6I<?EJ7F9:J:7SONB";Y<.C#68B#GE8;=<?>}~;:T .Z«%7F6HxKGW=9?B#E-7Ka.¯OBD:}B#BD< º G<?@ 3  :T.B;=<:8B#6lxGKW>F6I7v}~E§>F6GK@?9%GW=W=Q}~;:T;=<?CD68B1GKE8;=<?>.ßZ~[ÇT?B#< .UeM
E89?C(TPB/©?GKV
z.WYBDELB&©;YEl:`ab7F6\c.d§ÃìÄ. R.r F ± \GK<?@}~T?BD< .eÉ5åS}BV
G1Q:GTBc.dÃ Ä. ±r FwåR&Z » <ÈEI9?C(TC1GEIB#EDk s <9?VB#6I;YC#GW u ;Y<RxFBDEI:8;Y>RG:;=7F<7af:T.BB&©;=EI:8B#<?CDBJ7aßÜ¬GEITSBD|9?;YW=;=O?68;YG"7a{:T.68B#EIT?7FW=@S:QyzB*6IB#|9?;=68BDE\ab9?6l:T?BD6ªl9?EI:8;=^%C#GK:;=7F<Z








. +=.06-_R.@+H:K6T2´-.@+=& G2 1$76B1H4^$
. ðSµ!¶ Y^1=$
.`/,-l ð _!·k¸¦¹º &h'Z6BAh+.i6_R2 ð ,1H'$/6B+=)K. ð ,-l
>$<»D1$7.Q+=&X>-$m1¼U$76 ð _<'&h_
.









 "< >"¨J5]F(* (*7E:S+O6C;K)3^E08:+O_ba0cd0eOfIgih#jke
g
<gjte4'+FGF([6CJ¤'¤[¥:|D¤'~'xK+<=`EDH:( $(3^E02¬+¬:''~K"R$ 8^6CJ^J:"
}!i"DN)358I(2) (2<; ¨ "4N)358I(K"«? J5G.6CH9358I(*W6KGF(2<J5)7E02 X!6935]<E4;ME08U8I(2<;E0X R(*ZKJ`E02 JI69X ),)2K¯<2)3^6J53585)G<J:"




Duwjr0ehÀjte ²Ou,r:f9Ddhuwjf1°¢r¦agn h-,Ud0e_n [r0qjtut± jfb_m[m.qr:df4"  E0]2<J
 E0GZD)2<J:+= (*35)X!E08^6'+«:'yK'"
y!$%".&0/21<64365<69) 7^(K" pRqr¦fIgihIhCr0q),²<Dd'qijte4 °¢r¦agn hCr0qieFug'qd'ug^a),²Wg9qic:jfIgih98#g9u;:Ur0q<:h" ]<¨ 35]<6
J5)7J:+=")2<;K]<E¦\[692 ª2)\[698^J5)3VBEM@«6CHI]2<E0*7E0'B[+5-D=& '§>V}{}>,{}'}[¥?VyK+@"*76CH9358^E02)7H:(**B (:\0()* (®*76 (3
]3535G¬z P'P  S" H9 )," 2*kPBAJ^)2<;E+¬x'§'§'§K"
ïïñðòóDôDõDö
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes
4, rue Jacques Monod - 91893 ORSAY Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-6399
